Effect of alveolar liquid on distribution of blood jaw in dog lungs. J. Appl. Physiol. 39(6) : 885-890. 1975.-Previous studies have shown that a shift in blood flow away from edematous regions does not occur until the alveoli contain liquid. The present experiments were designed to examine the separate effect of air space liquid, air space plus interstitial liquid, and reduced lung volume on blood flow. We found that reduced lung volume was not associated with significant changes in blood flow and that no systematic change in blood flow occurred when alveoli were filled with isosmotic liquid (autologous plasma). However, when hyposmotic liquid (dilute plasma) was instilled so that both the air space and the alveolar wall interstitial space were filled, blood flow was systematically reduced. This suggested that interstitial liquid was responsible for raising vascular resistance in these experiments and that it might also be important in raising local vascular resistance in pulmonary edema. This latter hypothesis was tested in isolated perfused lobes where rapid freezing and quantitative histology showed that the number of open capillaries was significantly reduced in the liquid-filled alveoli (P < 0.001). These observations suggest that interstitial pressure rises in pulmonary edema with the result that the transmural pressure of the alveolar vessels falls and vascular resistance is increased. pulmonary edema; alveolar edema; interstitial edema; atelectasis; pulmonary capillaries THE FACTORS CONCERNING the redistribution of blood flow in the lung which occur when left atria1 pressure is raised have received a considerable amount of attention in recent years (9, 11, 13, 19 (10) found reduction of blood flow to the lung bases in dogs with pulmonary edema only when the edema was marked, while others, working independently, confirmed this observation and showed that reduction in blood flow occurred in acute pulmonary edema only when fluid was present in the air spaces (9).
Effect of alveolar liquid on distribution of blood jaw in dog lungs. J. Appl. Physiol. 39(6) : 885-890. 1975 .-Previous studies have shown that a shift in blood flow away from edematous regions does not occur until the alveoli contain liquid. The present experiments were designed to examine the separate effect of air space liquid, air space plus interstitial liquid, and reduced lung volume on blood flow. We found that reduced lung volume was not associated with significant changes in blood flow and that no systematic change in blood flow occurred when alveoli were filled with isosmotic liquid (autologous plasma). However, when hyposmotic liquid (dilute plasma) was instilled so that both the air space and the alveolar wall interstitial space were filled, blood flow was systematically reduced. This suggested that interstitial liquid was responsible for raising vascular resistance in these experiments and that it might also be important in raising local vascular resistance in pulmonary edema. This latter hypothesis was tested in isolated perfused lobes where rapid freezing and quantitative histology showed that the number of open capillaries was significantly reduced in the liquid-filled alveoli (P < 0.001). These observations suggest that interstitial pressure rises in pulmonary edema with the result that the transmural pressure of the alveolar vessels falls and vascular resistance is increased. pulmonary edema; alveolar edema; interstitial edema; atelectasis; pulmonary capillaries THE FACTORS CONCERNING the redistribution of blood flow in the lung which occur when left atria1 pressure is raised have received a considerable amount of attention in recent years (9, 11, 13, 19) . The pioneer work of West and his associates (19) on isolated lobes suggested that this redistribution occurred because of increasing amounts of fluid present in the perivascular interstitial space, but Ritchie, Schauberger, and Staub (13) found this hypothesis to be true only under conditions of low flow and low driving pressure and thought that the hypothesis was inadequate under other circumstances. Some of us (10) found reduction of blood flow to the lung bases in dogs with pulmonary edema only when the edema was marked, while others, working independently, confirmed this observation and showed that reduction in blood flow occurred in acute pulmonary edema only when fluid was present in the air spaces (9).
In the latter experiments (9), the redistribution of blood flow in a given region correlated poorly with the absolute amount of edema present. A slightly better correlation between reduced flow and reduction in lung volume occurring as a result of alveolar edema suggested that this might contribute but it was not possible to separate the effect of interstitial and air space edema from this effect. The experiments showed that blood flow was reduced in acute pulmonary edema where fluid filled both air space and interstitial space and where there was a reduced lung volume, but they did not delineate which of these factors was responsible for the reduced flow. The purpose of this study was to examine these factors independently to determine which of them is most potent in causing the decrease in flow.
METHODS
We studied nine healthy mongrel dogs weighing 12-20 kg, anesthetized with chloralose urethan (2.5 g chloralose in 100 ml 25 % urethan). A tracheostomy was performed, no. 7 Cournand catheters were placed in the right atrium, pulmonary artery, and aorta, and the pressures were measured using Sanborn 267 transducers. We divided the nine experimental animals into three groups: in group 1 we produced patchy atelectasis; in group 2, portions of the alveolar air space were filled with isosmotic liquid, and in group 3, portions of the air spaces were filled with hyposmotic liquid. In the liquid-filling experiments we assumed that the isosmotic liquid would remain in the alveolar space and that hyposmotic fluid would be partially absorbed so that it would fill both alveoli and the interstitial space. In each group we measured the regional pulmonary blood flow before and after altering the physiological circumstances.
Measurement of Pulmonary Blood Flow
The method of measuring blood flow has been described in detail elsewhere (5, 9). Briefly, it involves tagging the pulmonary circulation under controlled conditions by injecting a macroaggregate of albumin labeled with 1311.
The animal is then killed, frozen in the position of study; after freezing, the thorax is sliced into sections 1 cm thick, and lung samples are obtained using a cork borer (diameter 0.9 cm). We assume that the macroaggregates lodge in the pulmonary circulation in proportion to blood flow SO that the total amount of isotope in the lung (QT) represents total pulmonary flow while the amount of isotope in each sample represents regional blood flow received at the time This ratio, which is hereafter referred to as AQ, indicates the change in the fraction of total cardiac output which each lung sample received.
A AQ greater than 1 indicates that the sample received a greater proportion of the pulmonary blood flow during the experimental period than it did in the control period and a AQ less than 1 indicates that the sample received a reduced proportion of the total pulmonary blood flow after the experimental procedure.
E$ect of Locally Reduced Lung Volume on Blood Flow
Patchy reduction in lung volume was produced in three dogs. These animals were studied in the supine position. Following intubation, they were allowed to breathe 100 % 02 at high lung volumes for a period of 10 min and then room air for a further period of one hour at low lung volumes to allow sufficient time for absorption collapse to occur. The pulmonary circulation was tagged prior to the oxygen breathing period with g gmTc-labeled macroaggregates of albumin and, at the end of the experiment, just prior to killing the animal, with 1311-labeled macroaggregates. The animals were then frozen and samples of lung tissue were obtained.
The degree of lung volume reduction was assessed in each sample by expressing the volume of air present per gram of dry lung tissue. This was estimated by first calculating the "dry" density of each sample: dry density = dry weight/dry volume = dry weight of sample/ (vol of sample -vol of water in sample). As the specific volume is the reciprocal of the density, the volume of air/g of dry tissue equals the specific volume of dry tissue and air minus the specific volume of dry tissue (6, 9).
Effect of Alveolar Liquid on Blood Flow
Isosmotic liquid. In three dogs the effect of fluid-filling of alveoli on the distribution of blood flow was observed by filling alveoli with autologous plasma with which 250 &i of 1z51-labeled human albumin had been thoroughly mixed. This was instilled in the lung by placing a no. 7 Cournand catheter in a sublobar bronchus 3-5 mm in diameter, and injecting 50-75 ml of labeled plasma. Labeled macroaggregates were injected intravenously before and after this procedure to measure blood flow; the animals were killed within 30 min of the instillation of plasma, frozen, and the lungs sampled as before. We chose autologous plasma as the instillate because it is isosmotic to the intravascular fluid, so that little, if any, would be absorbed from the alveolar space during the time course of our experiment (8). The amount present in each sample was expressed as a percentage of the total amount of I251 present in the lung, and this was plotted against AQ.
Hyposmotic liquid. In three experiments, the pulmonary circulation was tagged in the control period in the usual way and sublobar bronchi 3-5 mm in diameter were infused with 1z51-tagged plasma diluted with an equal volume of normal saline. Following this, the second isotope-labeled macroaggregate was injected into the pulmonary circulation. As the time between instillation of the fluid and the completion of the experiment was less than 30 min, less than 5 % of the protein left the alveolar space (8). Therefore the difference in oncotic pressure between the intravascular and alveolar fluid caused some of the fluid to leave the alveolar space and enter the alveolar interstitium and the pulmonary capillaries.
Studies on Isolated Perfused Lobes with Pulmonary Edema
In the studies described above (see RESULTS AND DISCUS-SION) the greatest reduction in blood flow occurred when the alveoli were filled with dilute plasma. This suggested that the mechanism responsible for the increased vascular resistance might be a rise in the interstitial pressure in the alveolar wall which narrowed the alveolar vessels by decreasing their transmural pressure. To test the hypothesis that flooding of the alveolar wall interstitial space might also be the mechanism responsible for locally increasing vascular resistance and redistributing blood away from edematous alveoli, we conducted additional experiments on four dogs with the chest widely open so that a single left lower lobe could be isolated with the lymphatics intact. (10). This was done by cannulating the branch of the pulmonary artery supplying the lobe and the vein draining it in a manner which allowed venous and arterial pressure to be monitored.
The blood drained into a reservoir and the reservoir was connected to a pump which perfused the blood back into the pulmonary artery. After the lobe had been satisfactorily isolated, hemodynamic pulmonary edema was produced in the lobe by raising the venous pressure. The isolated lobe was rapidly frozen with liquid Freon that had been cooled by liquid nitrogen. The lobe was then removed from the thorax and cut with a handsaw; subpleural areas were sampled and processed for histology using a modification (14) of the Storey and Staub technique (16). The histological preparations were examined and then projected on a screen with a Leitz projecting microscope so that the number of capillaries in alveolar walls could be compared in fluid-filled and nonfluid-filled alveoli present in each sample. The edematous alveoli were selected and the capillaries in their walls were counted first. Immediately following this, the number of capillaries in the walls of an equal number of nonfluid-filled alveoli were counted. In this way an equal number of edematous and nonedematous alveolar walls were compared.
RESULTS
In all the experiments the areas of lung which had been affected by the treatment (i.e., loss of volume or fluidfilling)
were identified on the frozen lung slices by their fleshy appearance and by the increased firmness of the tissue.
To avoid gravitational bias we selected two consecutive horizontal lung slices from each dog which were visibly abnormal and had been under zone III conditions throughout the whole experiment.
In addition, we analyzed the results from all the serial sections in each dog. No significant difference in the results was noted whether two slices or the whole lung were analyzed.
E$ect of Reduced Lung Volume
In all three dogs the loss of lung volume was prominent toward the apices in each horizontal slice, the volume of air (V,) ranged from 3.5 to 36.0 ml/g of dry tissue. This data (Fig. 1 ) is compared to data modified from Frank (2) which is shown as a stippled area and represents mean lung volumes per gram of dry weight -3 SD at a transpulmonary pressure of 2.5 cmH20. Frank reported this data as lung volume/gram of wet weight and we have modified it by assuming a W/D ratio of 4.9 and calculating the volumes per gram of dry weight. Figure 1 shows that some of the samples from our experiments have volumes which are more than 3 SD below what one might expect at the normal FRC of the dog and that this severe reduction in volume had no systematic effect on blood flow.
E'ffect of Alveolar Liquid on Blood Flow
Isosmotic fluid (dogs 5, 6, and 7). In these experiments we quantitated the degree of alveolar filling by measuring the 1z51 in each sample and expressing it as a percentage of that found in the whole lung. When these values were plotted against the wet/dry ratio of the samples we found a positive relationship in every case ( Fig. 2A) . The degree of liquid-filling and the reduction in lung volume produced was similar to that seen in alveolar edema in previous studies (Table 1) The results for dog 6 had to be discarded because at autopsy we found pneumothorax had been induced by the catheter used to instill the plasma. In the other two dogs we identified the amount of plasma present in each sample by the lz51 activity and these areas had high W/D ratios and low VA, similar to those found with hemodynamic pulmonary edema (Table 1) To our surprise the introduction of plasma tended to cause blood flow to increase rather than decrease as the AQ tended to be greater than 1 in the samples receiving the most plasma (Fig. 3A) .
Hyposmotic Fluid (Dogs 7, 8, and 9) Again the areas filled with the dilute plasma were identified by the high 1251 activity and this correlated well with increases in W/D ratios of the samples (Fig. 2B) . These areas showed an increase in lung W/D ratio and reduction in lung volume similar to the results from the experiments with isosmotic plasma and air space edema (Table  l) usually showed marked reduction in blood flow (Fig. 3B ) as AQ was consistently less than 1 in the samples receiving the greatest amount of dilute plasma.
Isolated Perfused Lobe Studies
Histological sections prepared from rapidly frozen isolated perfused lung after the production of pulmonary edema were examined so that an equal number of alveolar walls from fluid-filled and nonfluid-filled alveoli were observed on each slide. Using the criteria of Warrell et al. (18), where a capillary was considered open if it contained an RBC or had an internal diameter larger than 1 pm measured perpendicular to the long axis of the septum, we found (Fig. 4) patchy process and blood flow was increased to the better expanded lung units at the same gravitational level (9). Hughes and colleagues (7) have shown that an alteration in lung volume has an effect on total blood flow to a lobe primarily by its effect of extra-alveolar vessels and Staub et al. (16) have shown that alveolar edema is associated with reduction in volume of the edematous alveoli. Our own studies (9) supported this view and showed that the gas space was reduced to a greater extent than could be explained by simple replacement with fluid. Therefore an attractive hypothesis to explain the reduction in local blood flow to areas of alveolar edema is the loss of tethering action on the extra-alveolar vessels due to reduced lung expansion in air space edema. The present experiments were designed to test this hypothesis, and we found (Fig. 1 ) that patchy absorption collapse of the alveoli did not systematically reduce blood flow to the local areas of reduced lung volume.
The absorption collapse was quite widespread and in some areas the loss of regional volume was greater than that seen in previous studies on pulmonary edema (Table  1) . Therefore, if a decrease in lung volume was solely responsible for reduced blood flow, the reduction in lung volume achieved in these experiments might have been expected to cause reduction in blood flow, but this was not observed. The effects of atelectasis on pulmonary blood flow have been widely studied in the past, but results are conflicting as blood flow can apparently increase (12), decrease (5), or remain unchanged (5). Some of the variability can be explained by different methods of producing atelectasis and the time sequence of the observations. Our results suggest that sublobar, patchy, atelectasis in intact animals produces little change in blood flow when the lung is under zone III conditions.
Results of the experiments with resorption atelectasis suggested that reduction in lung volume could not be the only factor responsible for reducing blood flow in air space edema. To examine the effect of alveolar liquid on blood flow, the animal's own plasma was instilled into the lobe under two specific circumstances. In one, autologous plasma was instilled in the lung while, in the other, this plasma was diluted by half with physiological traducing it into the lobe.
saline just prior to in- We assumed that the protein would be restricted by the alveolar membrane during the time course of the experiment (8) and that the oncotic pressure difference due to differing protein concentration in the alveolar fluid, interstitial liquid, and vascular liquid would determine fluid movement across the alveolar and capillary membranes. We also assume that dilution of plasma with saline will only change the protein concentration and not the total osmolarity so that any differences seen between dilute and nondilute plasma are related to the effect of the differences in the protein concentrate of these two liquids. It is difficult to know what the osmotic pressure in the alveolar wall interstitial space is but if we assume that the protein concentration in the interstitial space is the same as in pulmonary lymph (15), the oncotic pressure can be calculated to be of the order of 11 mmHg, while the oncotic pressure of plasma is 17 mmHg (15). This means that there should be little net movement of fluid into the interstitial space when the alveoli are filled with autologous plasma, but when the plasma has been diluted 50 % with saline there should be a pressure difference of several mmHg in the direction of the interstitial space and capillaries. The amount of instilled fluid remaining in each sample as determined by the percentage of the total lung 1251 counts in that sample and the W/D ratio was similar in both cases (Fig. 2) . However, the location of the fluid caused differing effects in blood flow as air space fluid (nondilute plasmainstilled) caused no systematic shift in blood flow while interstitial fluid (dilute plasma-instilled) markedly reduced flow (Fig. 3) .
The fact that blood flow increased with isosmotic fluid in the alveoli was surprising and the mechanism by which flow was increased is not completely clear. It must have been due to factors acting on the alveolar vessel level because the plasma-filled samples also showed reduction in expansion (Table 1 ) and this would be expected to have increased resistance on extra-alveolar vessels and decreased flow (7). It is conceivable that liquid-filling of alveoli eliminates the surface tension on the alveolar wall by obliterating the air liquid interphase. With the lungs under zone III condition it is possible that the alveolar capillaries bulge into the air space so that a decrease in surface tension could have caused the alveolar vessels to dilate and decrease their resistance. Unfortunately, it is not possible to be sure this is what happened under the conditions of our experiment.
By filling the alveoli with dilute plasma, the osmotic forces due to protein should have caused fluid to enter the alveolar wall interstitial space. Alveolar wall interstitial pressure would tend to rise and cause alveolar vessels to narrow and increase their resistance. Unfortunately we have no direct evidence that interstitial alveolar wall edema was produced by instilling hyposmotic fluid. Some of the lung tissue in these experiments was examined histologically, using light microscopy, but it is difficult to evaluate the alveolar wall interstitial space with this technique. It also seems doubtful whether changes could be detected by electron microscopy as interstitial fluid is not electron dense (3), and artifacts introduced by fixation and processing make the correlation of morphologic and physiologic observation difficult. In the experiments on open-chested animals where we studied the morphology of high-pressure pulmonary edema by rapid freezing of isolated perfused lobes, we found a sharp decrease in the number of open capillaries in the walls of alveoli that were filled with fluid. This suggests, but does not prove, that the capillaries may have closed because the pressure in the interstitial space had increased.
Data from previous experiments on normal and edematous lung (9) are compared with the present data in Table 1 . This shows that air space edema is associated with reduced lung volume, a W/D ratio of 7.0, and reduced blood flow. It also shows that neither reduced lung volume alone, nor reduced volume associated with plasma in the alveolar space, could produce this result. However, when dilute plasma was introduced into the alveoli, producing reduced lung volume, air space liquid, and a situation where liquid could also enter the interstitial space, blood flow was decreased.
In summary, these experiments have attempted to analyze the major mechanical factors, i.e., reduced lung volume, flooding of the airspace, and flooding of the inter-
